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Abstract
We analyze the evelution of the ultra-high energy cosmic ray
spectrum upon traversing the 2.79% microwave background with respect to
pion photoproduction, pair production reactions, and cosmological
effects. Our approach employs exact transport equations which
manifestly conserve nucleon number and embody the laboratory details of
these reactions, A spectrum enhancement appears around 6x101gev due to
the "pile-up" of energy degraded nucleons, and a "dip"™ occurs around
10'%v due to combined effects. Both of these features appear in the
observational spectrum., We analyze the resulting neutrino and gamma
spectra and the effects of cosmological source distributions., We
present a complete model of the UHE spectrum and anlsotropy in

reascnable agreement with observation and which predicts an observable

electron neutrino spectrum.
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I. Intrcoduction
Shortly after the discovery of the 2.7°K microwave background
radiation it was suggested that there must exist a fundamental cut-off

1’2. A nucleon of energy

in the uitra—high energy ccsmic ray spectrum
exceeding }Ozoev colliding head-on with a typical 2.7% photon comprises
a system of sufficient total center of mass energy to produce pions by
the photoproduction reaction, The energy loss of the nucleon is a
significant fraction of the incident energy. Moreover, the plon
photeproduction cross-section is quite large immediately above thresheld
due to rescnance production, rising quickly to ~500 microbarns for
gamma lab energies of order .3 Gev, and settling down asymptotically to
roughly ~ 120 microbarns for energies exceeding a few Gev. Thus, if as
is widely believed, the ultra-high energy cosmic rays are produced In
distant extra-galactic sources, then the observed spectrum must bDe
cut-cff at an energy scale of order 1020ev. In fact, if the sources are
more than a few interaction lengths away, then collisions with photons
in the high energy Boltzmann tail of the 2.7°K photon distribution will
reduce the onset of the cut-off to about 5x1019ev. These are the
thecretical conclusions of refs.(1,2) and subsequent treatments, however
in the present paper we will find that 1in general there can be a
dramatic departure from these conclusions.

It is widely believed that cosmic rays of energies exceeding 1015ev
begin to leak out of the galactic confining magnetic field. At this
energy scale we encounter the so-called "knee" in the observed spectrum,
whiech steepens from a differential index of 2.5 below 1015ev to a3

above and which has been attributed to a magnetic deconfinement

effect3’u.
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At 10'%ev the Larmor radius in the Galactic disk is ~1 light year,
If the motion in the galaxy was purely diffusive, this would correspend
to a diffusion constant of =~ 1 (lyr)z/yr, and the diffusion time
necessar} to traverse the disk width, 103 lyr., would be correspondingly
103~ Kt ort na106yr. Of course, the motion will not be purely
diffusive since c¢osmic rays can migrate along field lines with a
velocity of order c. Indeed, since K eC E, the above argument would
predict a diffusion time t q:E"1, which grossly overestimates the known
age of lower energy cosmic rays because the observed flﬁx will be
proportional to the trapping time In the galaxy. A trapping time
t o€ E-! would require an extremely flat injection spectrum j(E) eC E:_1 -3,
Nonetheless, it 1s probable that the trapping time is mildly energy
dependent at E%10'%ev and for E‘>1015ev, becomes rapidly so, becoming
quickly small compared to an inverse replenishment rate, Below 1015ev,
we might expect a roughly scale invariant injection spectrum —-1/E2 and
a trapping time falling like 1/4§i to account for the observed 1/E2°,
Scale invariant spectra are known to occur In several astrcphysical
settings, and would seem to be required to account for such extremes of
energles as are found in cosmic rays. Indeed, we will find that a 1/E2
injection spectrum yields the best f£it to the observed structure above
1018ev. An important corollary of the leakage model of the knee 1is the
observation of an increasing (Fe) abundance, which 1s expected if
lighter nucleons leak out at lower energies, and if Fe is found in low
ionization states (small e/m).

An observer inside of the galaxy sees, therefore, a spectrum
behaving 1like JO(E)t(E)ﬁu 1/E2'5, steepening to 1/E 3:0 ror £>101%ev.

If we discount the cosmic rays produced in other galaxies, we might
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expect that the steep part cf the spectrum continues until a "line of
sight" or "prompt" component is reached from local galactic events,
This might be argued to be the source of the "ankle" at energies above
?OTgev. The difficulty here Is that the reported corollary anlsotropy is
directed normal to the galactic plane (in the general direction of the
Virgo cluster)(S). One might argue that the iron-rich spectrum could be
steered by the galactic B-field te¢ produce such an effect. However,
this mechanism may be difficult to implement in the known geometry of
the galactic B-~field, Furthermore, the prompt component of the spectrum
should not be iron rich, since it i1s not subject to the trapping time
effect, and it should contain moatly protons and even neutrons. Thus
the anisotropy becomes hard to understand; in fact the absence of a
pin-peint image of the source in the general direction of the galactic
plane would be expected.

For an imaginary observer outside of the galaxy the situation is
drastically different. The trapping-integration time is now effectively
replaced by TH' the Hubble time (neglecting for the moment loss affects
due to redshift, pairproduction, etec.). The observer will see
essentially the leakage spectrum summed over all sources, integrated
over the entire history of the Universe. For an observer sitting inside
of the galaxy, this cosmological contribution will also be present and
we must 1inquire as to how its strenghth compares to that of the local

sources., We expect, crudely, that the local flux 1is of order T/RG2.

where RG is the galactic length scale, 10ulyr. The cosmological {'lux is

roughly of order RH/RIGB’ where R;. is the intergalactic scale ~1061yr'.

and RH is the Hubble scale 1o1olyr. With these scales we see that the

two fluxes are of the same order, 10"8. Thus, we expect that there will
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oceur  some energy scale, E,, at which the local spectrum becomes
comparable to or less than the cosmological component. We shall refer

to Ec as the "cross-over" energy, and the above estimate suggests that

cross-ovér must occur near the knee in the 3pectrunm n'10(15 to 16)ev. of
course, the existence of the croas-over depends upon the extent to which
the local spectrum steepens by leakage, the steepening effects which may
be present in the cosmological spectrum, and the overall normalizations.
In fact, we shall find that there must exist some steepening of the
cosmological spectrum due to cosmological redshift effects, a point
originally emphasized by Hillas'7). We emphasize that it is not known
definitively whether the cosmic rays above 1015ev are local,
extragalactic or both. One of our objective presently 1is to improve
substantially the predictions of the cosmological model.

It is then natural to assoclate the "ankle" structure wlth either
the cross-over energy, or Wwith the presence of a particulary bright
extragalactie, though relatively nearby source, superimposed on a
cosmological diffuse background, or both, This then fixes the
nermalization of the extragalactic component, and allcows us to make
quantitative estimates of the neutrino yields, and spectrum structure as
arise by photoproduction.

Such mechanisms for the spectrum above the "knee" have bsen
previously discussed(”’7'8'9). Hillas(7) has argued that the structure
of the spectrum between 10159v and 101gev can be understoed as a
cosmological evolution due to redshift effects from sources most active
at large redshift, e.g. z» 30 to the present. Blumenthal{g) has done
a quantitative analysis of the effects of pair production interacticns

(e pair creation on nucleons by 2.7% photons with higher energies at
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large redshift} in a Hillas model and finds a reasonable agreement with

1019ev by assuming a flatter 1/5:2'5

a 1/83 oberved spectrum up to
injection spectrum, Iincreasing activity proportional to (1+z)u, and
integrating back to z ~ 15 to 50 (There is even a siight vestige of a
flattening in Blumenthal's spectrum at 101gev). These analyses have,
however, failed to describe the ankle structure due to the freatment of
photomeson production. These analyses also implicitly assume the
cross-over energy to be about 7016ev.

However, in Section VI we will show that the cccurance of the
general ankle structure in models with 1/E2:0%.5 injection spectra are
in good agreement with observation when the spectrum evolution is
properly treated. We also require an assumption of proximity to the
Virgo cluster, relative to the nearest typical diffuse sources, in order
to accomodate the anisotropy and events reported above 102%v. We will
obtain an unambiguous prediction for the neutrino and photon spectra,
which should be experimentally verifiable.

A new feature which emerges in our analysis and which has not been
previcusly discussed in the literature is the appearance of a "dip" in
£3dN/dE at about 10'%ev. This dip appears in the published data and is
statistically significant. We feel it lends potentially strong support
to the analysis presented here and to the idea of long range propagation
(> 100 Mpe.).

Below 1019ev the spectrum shows little anisotropy while above this

(4,5)

energy an impressive anisotropy has been reported . This has been

associated with the Virgo cluster as the source of the cosmic rays at

(4,8,10)

this energy Furthermore, 1if nucleon sources are within our

galaxy at these energies we would expect the observed cosmic rays to
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have traveled essentlally by line of sight, due to the relatively long
Larmor radius at 102%v {about 10” light years) and the comparatively
short coherence length of the gélactic B-field {about 300 light-years;
any estiﬁate of the disperaion of érrival times and directions by
galactic B-fields that neglects the ccherence length of the field will
be a gross overestimate.) If D is the distance of a source, RL the
Larmor steering radius at any given point in space and RC the coherence
length of the B-field, then the expected dispersion in arrival
directions (in radians) 1is of order (DRC/RL2)1/2, and for D=10511ght

4 light years, we obtain an angular

years, R,=300 light years, and R =10
dispersion of order .5 radians, which would seem to Iimply a much larger
anisotropy than is observed (this estimate pertains, e.g., to models
which posit a supernova explosion on the far side of the galaxy(11) and
argue a reasonable arrival time dispersion, but may be neglecting the
finite coherence length of the galactic B-field. Closer sources will
produce less dispersion and should be essentially pin-point.) It is
therefore difficult to maintain Iintra-galactic source models with
essentially line-of-sight propagation in view of the current data on
arrival directions, though we ©believe that 1t is extremely useful to
formulate statistical varlables with which the celestial sphere angular
distribution Information can be quantified, In principle the questiocn
of local sources can be settled with a decade's worth of increase in
data and a study of arrival directional correlations. Furthermore, such
studies for the very highest energy cosmic rays (presumably assoclated
with a non-diffuse, "local" source such as the VIirgo supercluster, e.g.
see sectlion VI) can in principle give information on the wmagnitude of

the intergalactic magnetic field,
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If the spectrum above 1019%v is extragalactic in origin then it is
predominantly c¢omposed of nucleons, Nuclel are expected to have
substantially hroken apart by photoreactions with starlight and the

(1'12). We remark that even free neutrons with

2.7% béckground photons
energy in the range 101gev to 1020ev can travel distances of crder (few)
Mpc before beta-decay due to time dilation. Photomeson production
reactions will involve neutrons, and the appropriate averaging over
iscspin must be included. We shall thus approximate the ultra-high
energy cosmic rays as an average over nucleons {and antinucleons) in the
evolution of the spectrum. The production of ete” pairs is extremely
important and is also considered. Though the cross-section for this
process 1s roughly 3 to 4 orders of magnitude larger than that of
photomeson production, the energy loss per nucleon is correspondingly 6
orders of magnitude smaller. This 1is an extremely important effect
cosmologically for nucleons that have traversed a distance of order a
tenth of " the present horizon radius (this need be only the total path
length traversed, and need not be the total range of the particle due to
magnetic localization on a supercluster scale). We shall not follow the
produced ete” pairs which rapidly lose energy by Compton scattering on
the 2.7%K photons(13) and by synchrotron energy loss 1in the
intergalactic magnetic field. Correspondingly, there will develop a
high energy gamma component, and the appropriate transport equation
describing these components must allow for the mixing of gammas to pairs
and vice-versa(1”). These are extremely important potential.corollary

observables which should he analyzed in detail, as we have presently for

the induced neutrino spectrum.
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Observationally there is a controversial development in the ultra

19ev. Here

high energy cosmic ray spectrum which onsets at about 3x10
some groups report a general flattening of the spectrum from a
differential index of order 3.0 to about 2.5.¢13:76) K1so, there are a
large number of events reported with energies exceeding 1020ev.(15’16)
This is seemingly very difficult to understand iIin terms of the
conventional Greisen-Zatsepin cut-off with extragalactic sources, On
the contrary, the Yakutsk group after previously claiming to have seen
the effect now reports no flattening of the spectrum at these
energies(17) and results generally consistent with the exbectation of a
cut-off. Though the reported flattening derives from significantly more
data, the Yakutsk data involves greater redundancy in energy
calibration. The ankle may or may not be seen by the southern

hemisphere group(18).

However, Yakutsk also fails to see the dramatic
anisotropy repcrted by the Haverah park group, and it is difficult to
understand this discrepancy which 1is less immune to the problems of
energy calibration. Furthermore, a recent comparative analysis of the
electromagnetic c¢alibration of the Haverah Park array and the Yakutsk
array shows that they are generally consistent(19), compounding the
mystery of the discrepancy. The resclution of this dilemma will perhaps
await better statistics and more data 1lnvolving greater integrated
energy measurements(zo). The Fly's Eye experiment is in an excellent
position to refine the data on UHE CR's since their detection method
integrates the shower development, and is sensitive to A 100km2 ., They
may also detect upward or horizontal events which might be missed

entirely with a conventional array, and have already provided new limits

on the presence of ultra high energy cosmic ray neutrinos. This latter
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subject will be dealt with at length Iin the present paper and our best
fit to the nucleon spectrum will predict a neutrinc flux above 1O1Sev
comparable to the Fly's Eye limit above 10'%ev,

It fs in part due to this interesting and exciting controversy that
we have undertaken to reanalyze the Greisen-Zatsepin cut-off in the more
reliable framework of transport equations. Given a final verdict on the
observational situation, what can we hope to learn abtout the underlying
mechanisms? Also, given the present observational situation can we
begin to glimpse a complete picture of the scurces, origins and
evolutionary effects irherent in the UHE ccosmic rays? In the present
paper we argue from the vantage point of an improved evclutionary
analysis that the UHE spectrum is indeed beginning to form a consistent
picture.

In the present paper we will reexamine the expectations for the
structure of the cosmic ray spectrum at ultra-high energies (see
refs.(21,22)). OQur method will differ from those of preceding authors
in a significant way. Instead of the mean interaction length and eneréy
loss approxlmations used in preceding analyses(23’8) we will employ
statistically exact transport equations which incorporate the laboratory
details of photoproduction and meson decays. An important aspect of our
analysis is the explicit conservation of baryon number which leads to an
"active recoil nucleon" and the ccllision processes are iterated until
the recoil particles drop effectively below threshold to participate In
further interactions. This leads to an effective multiplier in the
number of secondary photons and neutrinos that are produced since one
nucleon can experience several collisions in this cascade process., Also

we find that, contrary to previous analyses and expectations pervading
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the literature, structure at this energy scale does occur as a natural
result of the photoproduction, pair production and cosmological redshift
effects.

We find that an enhancement always occurs before the GZ cutoff as a
consequence of the pile-up of energy degraded nucleons recoiling down
from higher energies and ending up approximately below threshold to
undergo further photoproducticn reactionsa, of order 5x1019ev. The shape
of the enhancement is essentially "universal™ in the sense that after a
few interaction lengths it i3 very weakly dependent upon the input
gpectrum shape, but does depend strongly upon the input spectrum
normalization. This I8 remniscent of a "fixed point" behavior. In
fact, we find that the spectrum above 1018ev can be understood
completely In terms of an injection apectrum of order 1/E2-0%.5 ynicn
13 steepened by the various cumulative effects and interactions into a
1/E3  form up to 3x1019ev, and we can accomodate, by including a "local”
or exceptionally bright source, e.g. the Virgo supercluster, a large
"ankle" structure extending up to 1020ev. This model can lncorporate,
but does not require, a Hillas-Blumenthal model for the spectrum from
101%ev  to ~f1018ev or a magnetic confinement-leakage model. In spirit
this 1s a model quite similar to that discussed previously by Giler,
Strong, Wdowezyk and Wolfendale(a), but differs substantially in details
and results,

This model leads to an unambiguous prediction for the neutrino
spectrum, In particular, even though we consider arbitrary injecticn
indices and bright phase exponents In treating the cosmological source
sums we find that the UHE neutrino spectrum always has a slope equal to

the observed CR slope plus 1/2. Other features of the neutrino spectrum
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emerge which contain detailed information about the "bright phase".

It should be emphasized that the physics of these reactions Iis
completely well known, and we ‘are simply boosting to the frame
containiﬂg the incident cosmic ray nucleon of energy TOZOev. In
preceding analyses the shape of the spectrum above tha GZ cut-off has
been analyzed in only an approximate way. Stecker(23) following the
original suggestion of Greisen and Zatsepin Ffirst examined the
kinematics and estimated the mean energy loss attenuation length. Hé
has also studied the corollary phenomena of photon and neutrino
production in an approximate way. Others have easentially followed
Stecker's original analysis with various assumptions about sources and
magnetic localization effeots(S). The approximaticns inherent 1in these
analyses are essentially correct at high energies for cosmic rays
traversing several or more interaction lengths. In the case of energies
near the threshold and distances of order the Interaction length there
are certain deficiencies which arise because one neglects the recoil
proton {(thus not conserving baryon number) and the mean energy loss
approximation breaks down where the inelasticity is rapidly varying as
it 1is near threshold. Alsc, 1in estimating the normalization of the
secondary spectrum there are important corrections (possibly as large as
factors of ten) due to the active recoll nucleons. Furthermore, the
pair producticn effects do no "commute"™ with the photomescn effects (the
two effects are not simply additive and must be evolved aimultanecusly;
a nucleon could, for example, lose all of it's energy by pair production
alone, but it preferentially loses it's highest energies by photomesocn
effects, then by pair production below meson threshold). We shall

briefly discuss these approximations in the next section.
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The Important phenomena of secondary photons and neutrings hnave
been proposed and analyzed by previous authors, most ncteably
Stecker(23). However, these analyses again neglect the recocll proton
that emérges from the initial collision, while retaining most of the
incident energy and which can initiate subsequent collisions, Thus, the
spectrum of produced secondaries has a normalization which is related to
the pile-up normalization, but is significantly larger than that
obtained previously. We will also find that our numeric;l evolution
leads to a smaller cut-off energy in the neutrino and photon spectra
than those obtained previously. We find an effective cut-off of order
2x1019ev. We will obtain a non—cosmologically sensitive lower 1limit of

about 1/km2yr sr integrated neutrino flux above 1018

ev, and results
roughly 100x greater with reasonable bright phase models., These latter
results approach detectability in the Fly's Eye within a factor of 10 to
100, The prediction depends only upon the assumption of increasing
cosmic ray activity back to redshifts greater than ~3 and that the UHE
cosmic rays are extragalactic nucleons. Measuring the neutrinc spectirum
to lower energies than 1018ev would determine the redshift of maximum CR
luminosity., Thus, the prospect of a new neutrinoe astronomy opening up
is extremely exciting.

Our paper 1s organized as follows, We begin in Section II with a
brief estimate of the =23ize of the effect and the secondary particle
spectra. In Section III we construct the spectrum evolution transport
equation and show the limits of validity of preceding analyses. We then
introduce 3ome rescaled variables that conveniently describe the

kinematies 1in the cosmiec ray laboratory frame (CRLF) and which are

employed in our numerical integration routine. We briefly review
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photoproduction data at low energies and describe some fits which we
employ 1in our analysis. In the CRLF we obtain convenient
parameterizations of the recoil nucleon and produced pion energy spectra
in terms‘of our scaling variables., We briefly describe our numerical
integration routine, COSEV, In section IV we discuss in detail the
cosmological effects and develop a general formalism, We discuss here
the somewhat nontrivial question of nermalization of the diffuse
relative to the local components of the nucleon and neutrino spectra.
In Section V we present the results of several numerical analyses for
various assumed input spectra. We consider point-like and cosmological
source distributions, for which the pair production process (e+e_ pair
production) plays an important role. In Section VI we present a
complete model of the UHE cosmic ray spectrum which appears to be in
good agreement with the observational data. Upon first reading we might
suggest that one 3kip directly to Sections V. and VI, We present a

brief summary and ccnclusions in section VIT.

II. A Brief Pre-Analysis

One may consider the mean energy loss of a proton of energy E
interacting with a photon of typical energy, 2.7, undergoing
photoproduction in the reaction, 'B'N—h-rrN. Laboratory angular
distributions can be boosted to the appropriate frame for this process
to obtain the recoil energy distribution, d& (E',E)/dE' where E' i3 the
recoil energy, and E the incident nucleon energy {in the CRLF the

transverse lab momentum is boosted completely forward and becomes
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irrelevant; the problem 1s effectively one dimensicnal as is well

known). The average rms energy loss s then:
\ Lél

hd

AE--Jf(E EZJ"'EE)AE

The resulting energy loas rate can then be estimated:
-1 s 1 —
E 9E/9x ~ -AE(SE) = - K(E) (2)

h § the interaction length & - 4 )
where i i ' t §. - ’
s the interaction leng .P“O;N

Knowing K{(E) the spectrum attenuation with range is usually

estimated by writing:

dT(E x/dx = (9E/3x)(AL(E,x)/3E)
(3)

"

~KIEVE(RTI(E, »)/9E)

where I(E,x) is the integrated spectrum above energy E at range x.

Assuming a factorized solution (which will generally not be the case

near threshold): I(E,x)=f(x)E.*', one finds 4f/dx=-K(E)(¥ -1)f(x) or:
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£(x) = ﬁ exF(-K(E\(z’— 1Y% ) (4)

Clearly the factorized solution is not the most general, nor is it
even valid if “OK(E)/QE # 0. Essentially the recoil nuclecn is
neglected in the ¢ollision even though the inelasticity 1is generally
small.

The main difficulty with this approach lies in the fact that it
does not take care of the transport of nucleons down from energy E to
E'<E, to E''<{E', ete., through successive collisicns with the
background photons. At an energy below the threshold we can have no net
loss of nucleons, but we can (and generally will) have a pile-up of
nucleons that have recoiled down from energies above threshold. This
pile up of "deactivated" nucleons may be observable, and may indeed
correlate with the observation of structure in the spectrum in this
energy range.

We shall first present a heuristic argument to demonstrate the
pile-up phenomenon and which will 1lead to a quick estimate of it's
magnitude. Consider only multi-pion photoproduction, ignoring nuclecn
pair production, We shall assume a primary nucleon spectrum at
production (or after leaving the production neighborhood) of the form
dN/dE= c/E1'. Assume a c¢ollision with a single photon of L-momentum
(E,f,E{ ,0,0) by a nucleon of 4-momentum (Ep,-pp,o,o), The threshold

energy te produce a single pion 1is E -mpm

N /ZEY + O(mw/mp).

®

Furthermore, in this frame the energy of the least energetic or slowest
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‘nucleon emerging from the collision ¥ +N —»N+X occurs when My is
smallest and the nucleon and X-3-momenta are collinear and in the
direction ¢f the incident nucleon‘(there c¢can never be a backward hadron,
of coursé, which may be 3seen by boosfing from the ecm system). For
incident nucleon energy Et we have for Ej, the energy of the slowest

nucleon: ES~ Et“_mﬂ/mp)‘ Thus, near threshold AE ~ Et(mn’/ ). Thus,

™p
after many ccllisions with microwave photons the spectrum should degrade
with all nucleons of initial energy Eo:>Et piling up intce the window
Es<:E<:Et. Of course, this narrow window will be smeared by the
Boltzmann distribution in photon energies and the peak will
correspondingly be diminished. We thus see that the total number of

nucleons with initial energy exceeding Et is obtained from the assumed

input spectrum:

C ~d+ e £
72(E>Et) = F-D E-t Ec (5)

where Ec is a cut-off energy and EO>:-Et. while the number of nucleons

already in the energy window E = Et—zs ias
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¥ Y-
n o= cAE/Ei ~ emy/(m,E ) (6)

1+

Thus the actual accumulated excess in this energy window is:

€ = Ny + H(E>E_t) = 1 + mf,/(mw(‘(-l))
n. (7)

Assuming a primary spectral index ¥ =3, we see that this excess amounts
to approximately £ =4.32, while for ¥ =1.5 (corresponding to a real
flattening 1in the primary spectrum due perhaps to the onset of some new
physics) we obtain £ =14.32, The observed flattening would seem to
require an effect on the order of the latter result (the actual excess
is of order a factor of 3, but extends over an energy range about 5
times the width of this window, which is how we find that this spike is
smeared by the Boltzmann distribution),

The above argument 1s crude for several reascons: (1) The actual
shape of the spectrum will be determined primarily by the structure of
the ¥N-» TN cross-section immediately above threshold (ii) the sources
may not be more than a few Interaction lengths away and the evolution
may thus be Incomplete (iii) at cosmological distances one must include
the effects of pair production interactions which will widen the pile-up
and reduce its peak. Since there is virtually no uncertainty in the
physics of photomeson production the only unknowns are essentially (a)

the exponent ¥ above Et (b) the overall normalization, ¢, of the
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primary spectrum above E., Given any input spectrum we can compute the
resulting evolved spectrum, but of ccurse, the time reversed procedure
will not work; all that survives ultimately is the overall normalization
of the iﬁput spectrum.

A typical nucleon well above threshold will cascade down in energy
until it decouples, experiencing several c¢ollisions in the process,
Thig effectively multiplies the neutrino flux by the average number of

collisions. In a previous letter(22)

we have given simple estimates of
this effect. Given the primary spectrum of c/E*' and the inelasticity
of eq.(2) we may estimate the average number of collisidns in which a
nucleon in the spectrum participates before dropping below threshold in

the pile-up(ze). One obtains:

4

i

A~ [~ (1 - KEE) f E I (EE) AE/f £'dE ) (9)
E, E, J

which for ¥ =3.0 yields n=2.5 while for ¥ =1.5 yields n=8. This is a

measure of the amount by which the normalization 1is wunderestimated by
neglecting the recoil proton in the approximation of neglecting pair
production effects, When pair producticon effects are included, the
value of n is reduced. However, the exact spectral shape of the
produced neutrinos, for example, requires a careful integration of the
spectrum evolution transport equations. Nonetheless, we were surprised
at how accurately these results were anticipated by the relatively crude

estimates of ref.(22).
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III. Spectrum Evolution Dynamics
(A) The Transport Equations
The evolution with range of the differential spectrum, dN{(E,x)}/dE,

is given by the integro-differential equation (the appropriate form of

(3),

AdN/E)/3x = - dht(E,E,,\Ja(E,)clN/AE dE,

-E-"-D

the Ginzburg-Syrovatsky equation

o o
. [ f 24/ 9E (E,,E, Ep(E,) INME, dE, 4, )
E.ro E¥=o
Here dzot i1s the total cross-section, or sultably 1so-spin averaged
cross-gecticn, for the process N + ¥—>N' + ™, as a function of Ehe
incident nucleon energy, Ey, and the photon energy and momentum., We
also 1include other processes together with photoproduction here. It is

useful to define the photon "longitudinal energy”, E( s Dy:

M
o,
M

L(E,+ Pus) = 7 E (1% cosd) (10)

where E‘ i3 the photon physical energy and where {}=0 corresponds to the
case of a 'head-on" collision (photon anticollinear with the incident
nucleon). The utility of eq.(10) will be seen immediately below.
dd(E,E',E,)/dE' is the recoil nucleon's energy distribution as a
function of incident nucleon energy, photon longitudinal energy, and the

recoll nucleon energy itself, E'. We shall also require the photon
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longitudinal energy distribution, jD(E})’ which we obtain from the 2.7°%
blackbody distribution below.
In addition to eq.(9), we have the coupled equation describing the

induced pion differential spectrum:
)

B(dN, [4E Yo% f day /4E (€., B Jp(E) AN/
. dE, JE,

where  d&{E,E',E)/dE’ is the single particle inclusive energy
distribution of a produced pion of energy E' Iin terms of incident
nucleon and photon energies. We can neglect the transverse momentum of
the produced system with Impunity in this frame (in obtaining these
distributions, the transverse momentum of the produced system in the lab
frame is, of course, relevant, but any transverse component 1is boosted
essentially forward in this frame; we will obtain the dominant
contributicns from lab angular distributions which thus include the
transverse momentum). Effectively, our present problem is
one-dimensional, This equation has been used by itself to estimate the
produced secondary neutrino, electron and gamma spectra assuming a fixed
input spectrum, de(E)/dE. In principle, the induced neutrino spectrum
is more sensitive to the original nucleon spectrum, dNN(O,E)/dE. than is
the observed nucleon spectrum, which 1s essentially dN(<x>,E)/dE, where
<x> 13 the average source range. We shall neglect the produced e%e”

pairs for which another coupled system of equations may be introduced.
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Equation (9) conserves the total number of nucleons as is readily

seen by noting that:

j&d/dﬁ’( anEZEX\AE’ = <Nz o‘iof(Eo'EY) (12)
and:
9T /3x = (9 ox) dE(ANL/AE)
£=0

= - Gt( E, E,‘B'P(E‘J(AN/AE\AE. dE, G3)

+ [ dE (s, /3E JAN/AEVBEdE, o (1 -<n )

As long as we are kinematically below the NN threshold we have

<HN>=1, and total nucleon (plus antinucleon) number is conserved. Above

threshold the total number will grow. Since the NN threshold begins at

< §3x1021ev and since above threshold the NN production rate is

a small percentage of the total, and furthermore the incident spectrum

2 -
EN= QmP/E

is falling at least as fast as some (large) power of E, we may neglect
NN production in the following.
Taken together, eq.(9) and eq.(11) conserve total energy 1In the

absence of palr production processes:
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E,wt S, 4 (EO)E,,\ :[ E (do,/dE + do /dEYE ()
E

L]

Furthermore, by use of eq.(9) it 1is possible to understand the
limits of validity of the energy loss analyses of previous authors, The
total energy in the nucleon spectrum above some cbservable energy at a

range x is:

ECE. x) =f E (AN, /dE (E,x)) dE (1s)

E

]

The inelasticity of a collision is defined to be:

E

-] | —1
n(E) = f (1- E/E,) dg/dE (£, EVAE ¢ (E) ()

Using eq.(9) we may wrlite:
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VECE./9x = [ €3 (©vanse) e

+| | €'d6/dE’(E Y (AN/AE) dE &€’
. [ f E(L- E)AsAE)aNAME) de de’

=[En(5\?,mt(s)@t~1/ae)aﬁ )

where the carat denotes a quantity that would normally be convoluted
with the 2.7°K microwave background, ?(u) = -[.f(u,E')‘P(EQdEr.
Therefore, if the product, n(E) gtot(E) is relatively slowly varying
with energy, we may pull it cutside the integral in eq.(17) and arrive

at the approximate energy loss equation:

E(E, %) FEE/3x = -T(ENG (E) ()

which 1is the wusual result, If the spectrum is falling like a power,
E , we may substitute on the rhs of eq./iR®) , E~ & , which is valid
when ¥ >1.0. This c¢ondition must be met for the validity of the
previous analyses in addition to the polnts considered in our

introduction. However, the main shortcoming of the above approximation

is the fact that n(E) 3tot(E) is certainly not a slowly varying function

of energy near threshold.
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(B) Kinematics
The kinematics of plon photoproduction in the CRLF is
straightforward, It is wuseful to introduce scaling variables. If

l3=T/T where T is the 2.7°K photon temperature, 7.5x10'uev, then we

define:

B, =y8 B = ™5 B Xuem (19)

where Ei' is the photon longitudinal energy, EN is the incident nucleon

energy. The recoil nucleon has energy EN=ZN(m;}3)' We find that

z;S. st_z; and : (20)
2t 2xyy +1-€/2 y  UZxy- /2) - ¢*) |
) N 4":..)’ +1 4-x'N7 + 1

- . 2
where § -ml/mN. Furthermore the produced pion has energy E“.=z“,0nr}3)

- + R
where z_l,<z < z“ and:



—26- FEAMILAB-Pub-83/89-THY

N LS N (CA L AR
I N

(3))
4)(,.,7 + 1 4xN7 + 1

These kinematic limits are displayed in Fig.(i). We see in Fig.(1) that
the pions will be kinematically less energetic than the recoil nucleons.
At high energies the rapidity distribution of multipion production
pushes most of the pions away from z: while the leading particle effect
pushes the nucleon toward z: .

In terms of y, the photon longitudinal energy distribution is:

oo
N -3 -1 |
= — 2
A= J-"Vf(e*v(a’% 1) zds (22)
' )
This is straightforwardly obtained from the Boltzmann distribution:

¥ -l 2
o= M f 4K SR 3 W10 cond) | @)

Here 71 13 an overall normalization. We numerically bin the y values
and normalize the distribution numerically for the given binning, and we
do not require the exact analytic value of 7[. We find from the above

distribution that the mean value of y 1is ~w™3.2, Thus with

- +
2.7%=2.32x10 13Gev, the average threshold energy defined by Zy =25 1+ 1S

x=.027, or 0‘9.Mx1019ev.



-27~ FERMILAB-Pub-83/89-THY

In terms of the scallng variables the transport equations beccme:
¥/r UNA2) = - o (2, y)j,<7\(4u/¢;%~)a7
+ j'(r()d{ot/ CIN (im?_:“)/))j:&) (clN /A%N'):JQN' ol),
/9 (dN; /d2.) = (24)

f 99,/ 3z, (24, 2 ,y\y(y\ QNN /c\z',.,\ 41;37

{(C) Photoproduction
The general features and physies of photoproductions below 3 Gev
have been extensively reviewed(zu) and we refer primarily to

(2&)’ and Genzel and Pfeil¢25), 1n Fig.(2) we present the total

Donnachie
cross-sections for a number of sub-processes. The gross features are
similar to those of WN-» N® apart from an coverall normalization factor
of m1/50. Photoproduction 1involves a larger number of helicity and
isospin degrees of freedom and entails a more involved partial wave
analysis than dces ®N. In general, we will not be very sensitive to
the rapld variations in angular distributions of produced pions or the
recoil nucleon and fits te the distributions to quadratic order in
cos(sf) (3’15 the cm production angle) will suffice, We have tested
this sensitivity to higher terms and even to this order find only a 5%
effect. Thus, relatively simple parameterizations and fits to the low

energy data will suffice. This is fortunate because the data 1s sparse

in the channel ¥ n-» mwh.
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The A resonance is the most conspicuous structure at Elab"’-3 GCev
and we 3see that the single produced picn is the dominant component of
the total cross—section up to Elabh"a Gev, Above 1.0 Gev the single
pion process becomes a smaller fraction of the total cross-section than
the multi-pronged final states, The neutron and proton total
cross-sections are similar, the higher resonances being more conspicuous
in the proton case, and both tend asymptotically to about 120
microbarns, The neutron total cross-section may be inferred from the
deuteron total cross-section.

Detailed angular distribution data and fits are available up te 1.5
Gev for single produced pions in all but the Yw—>Jtw reaction. The

parameterizations are presented as series:

N
(de¢/d0) = “Zia..\ cﬂs..&*; x\o > w"r (25)

1 N
(JG/ASL\ = (\ - }g{cos .9'*) : Zo.,,cus“&*; Y " > .“.i P
n=s 1 f n

where «g*(JS*) is the cm system pion angle (veiocity). Genzel and
Pfeil(ES) give tables of the coefficients an.for various energies up to
N=6. 1In Fig.(3) we present these coefficients for the process Yp-» Tp
Shown alsc i3 our fit to the coefficients for the cases of an assumed
spherically symmetric distribution, and an approximation to quadratic
order In the angular distribution. In practice only the spherically
symmetric component is utilized because our energy bin size causes the

other components to average to zero.
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In the CRLF a nucleon of incident xy recoils intc a zy such that
Z&EszNgg z;l We seek the recoil nucleon z-distribution which is related
to the cm angular distribution. If we assume in the c¢m system that the
incident- and recoil nucleons have Ud-momenta given respectively by

w
P. =(E,p,0,0) and P! =(E',p'c05(4}).pT.0}, then we have in the CRLF:

teedet = (¥(E *ﬁf’\‘ ¥(p+ BE, 55,3 (26)
Pucit = (W(E wppeas$™), w(pes 84 PEN, 3,)

thus:

2y = fm (E'x By)

dz,,

cos S = (22, - (25 + TN/ (2} - ) (27)

n

fn

LE Qv cos IV = g Edeosd = (3% 2 ) des I

Thus the parameterization becomes:

+ t
- 2

N +  _on
(cid/,AJiu) - ZE:CL“ ( QL ) ( ZJEN"%N *;331) (23)
w=1

or more conveniently:
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-3

N
NG 2 - Z2y.m 1
Adﬂ(ﬂ / A?N(r\ . an -+ __}—\ @) i-r (29)
n=1

Ny Nw) %Ncn\— won

where the b, are now linearly related to the a_ and where N(w) denotes

n

the nuclecn (pion) case. Though this parametrization generalizes to
include any degree of angular component and can incorporate the
distributions ¢of multipion final states, in practice we can safely
ignore all but the n=0 pileces. We have verified his numerically by
including n=2 components in rough accord with Fig.(3), and we find
corrections less than 5%. The computer time savings due to neglect of

these terms is of order 30%.

(D) Secondary Particle Production

Here we shall discuss the kinematics of the produced photons aﬁd
neutrinos due to pion decay. This was previously discussed in ref.(20)
(though we wich presently to correct a crucial typographical error in
ref.(20); In eq.{(14) of ref.{20) there 1is a subscript missing; the

corrected form is:
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dn /dE = M O(E, - EY/E, (30)

11

The photons of 1r°decay in the CRLF have energies E1 and E, such

that §1+E1=E“ and flat distributions 1in energy, corresponding to

spherical decay distributions in the c¢cm system. The photoﬁ energies are

correlated, thus for a pair we have:

(31
Ny /4E JE, - f §(E,-E,-E,) B(E,£,)B(E, -£,)
AN /dE £, 4E,

Integrating over Ew:

N, = 2No = [ JE_(IN,-/dE)E £(E,)  (2)

h

thus f(E)} is determined and we have:

'F(E,) = 2/E_ (33a)
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. 2
AN, /JE, = [ O(E - £,) L (dNpo/dE,D dE,  (534)
i ) ™
(this is a speedy way of deriving eq.{33); we refer the reader to
ref.{22), noting our corrections to ref.(22) above, for more details)
This i3 an essential result which we Implement numerically to compute

the produced photon distribution.

For the case of neutrincs from 1€tdecay, we 3ee that the process
proceeds first through the decay TFQtAvﬁ The muon then undergoes the

three bhedy decay, Se vV, Kinematically the muon in the CRLF has
f*

E*<E <E . and satisfies:
S5 By

(34)
_ 1 -F- - + -\
dN,/dE,. = 7 | B(E] ELVOCE- ) (Bl EL)
(dN_ /AE ) dE

Neglecting the mass of the electron the three body decay distribution

satisfies:
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dN, /dE dE JE, = [ S(E-E-E,~E) O(E,- E)OE,.-E,)

() -O(E,- E,) ANLJE.. - JE,. (39

Integrating eq.(35) we find the electron neutrino differential
distribution in terms of the muon distribution. Since the muon mass is
comparable to the pion, we may approximate the mucn distribution by

dNr/dE % dN, /dE, hence:

134

AN, /dE ETY AN, /dE, dE, (36)

Hence, we see that the electron neutrino distribution is identical to
the photon distribution to a factor of 2 in overall normalization, We

will employ this approximation in our numerical analysis.

(E) Other Energy Loss Mechanisms

In addition to photomeson production we consider presently the
energy loss due to (i) Compton scattering (ii} collisions with ambient
nucleons (iii) collisions with starlight photons (iv) synchrotron energy
loss in galactic and intergalactic B-fields (v) energy loss due to pair
production (e*e” production) interactions (vi) effective energy loss due
to redshift; we devote section IV to a general discussion of all

cosmological effects. Only (v) will be seen to be significant. The
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approximate criterion for a given energy loss mechanism to be relevant

is (£ aE/dx)”) < RH~(~3x1028

cm, We will implement (v} and (vi) in our
numerical evolution routine in a manner similar to the earlier
treatments of photoproduction discussed in section II, This 1is wvalid
here because the inelasticity and total c¢ross-sections are slowly
varying functions of energy.

(i) Compton scattering. The collision of a cosmic ray nucleon with
E > 1018ev and a 2.7°9% photon c¢an lead to Compton scattering. This is a
small effect relative to photoproduction, but has no high energy
threshold. The inelasticity 1is 30 small that the pfocess becomes
negligible. Taking ‘fThompson = 81néﬁﬂ;/3 = 1.79x10_31cm2 and Jn'=

400/cm3 we obtain the collision mean free path, L - 1.4x10%8¢nm. However,

the mean inelasticity is of order:

/

n o= 5 (L-E/E) ~ B E/AZELE, + o)

~ 2.7 X 10t (37)

8ev. Thus, the relevant quantity, the energy attenuation

for Ep ~ 101
length, becomes (E-1dE/dx)—1fv‘111 ~ 5.2x103"cm >>R.

(ii) Collisions with ambient gas, Taking a stationary nucleon as
target, we may assume that the total cross—section for nucleon-nucleon
Scattering at 1010Gev is bounded by ~100mb, The cosmological limit on
ambient nucleons is ~o 10—6/cm3, hence the mean free path is 1031cm.
At high energies we expect the incident nucleon to retain a large

fraction of its energy, <x_> ~.9, thus the inelasticity is ~.1 and the

F
energy attenuation length becomes 103%cm. Encounters wih galaxies are
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infrequent =~ (galactic size/galactic Spacing)3 e 10"6, while the
density of baryons also rises by 106. Howaver, even in galaxies we see
that the -energy attenuation length grossly exceeds the galactic size,
nence the effect is negligible,

(iii) Collisions with starlight. The galactic energy density of
starlight s comparable to that of the 2.7°K phetons, and since the
energy of atarlight photons is 103 to 10“ times the 2,7°K energies, the
density is 0(.4 to .04 cm_3). Assuming the asymptotic photoproduction
cross-section of 120fab, and an inelasticity of ~.1 we obtain
(E"1dE/dx)” " ~ 2x102%m. However the rarity of galactic encounters
increases this cosmologically by ancther factor of 106.

(iv) Synchrotron energy loss. The Lienard result for power loss in
an orbit of Larmor radius R is P= '281(.)‘1}373RL. The Larmor radius for a

proton is 10%cm(E Gev/B gauss) and we thus obtain in natural units:

(dE/dX)E " = %EoL(E CG&V\)(B(%o.uss\)l- (2% 167%) con
-25 1 .
~ 2210 (E G'QJ)CB cbauSS\ Cwa (3%)

Typically, the cosmological B~field is assumed to be no greater than
10"9gauss, which leads to an energy attenuation length of }03hcm at

109Gev. In galaxies this becomes 1028

cm, but such encounters are rare
(x10—6) and the attenuation length in the galaxy greatly exceeds its
scale size, 3¢ trapping will not ceccur (of course, above 101%ev leakage

of nucleons is usually assumed).
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(v) We iInclude the important effect of electron positron pair
creation. Here we rely heavily upon the analysis of Blumenthal(g) and
the estimate of the mean energy attenuation length, (eq.(19) of
ref.(6)); Our procedure is not to perform the average with the 2.7%
distribution to obtain an average dE/dx, but rather to compute dE/dx for
a given value of the longitudinal photon energy. For a bin size AE and
photomeson interaction length dr, the number of particles leaving bin
{(E,E+AE} and recoiling into bin {(E-AE,E) is then the fraction
(dE/dx(E})(dr/ AE}. The energy binning and dr must be sufficiently
small s0 that this fraction does not exceed ~,1 in practice. We then
perform the averaging over the photon energies in a 1loop external to
both the pair production and photoproduétion evolutions. This involves
fitting Blumenthal's function, qb(!f), which we do with an exponential
over the range .4 <E;3§<14.0 {see Fig.(2) cf ref.{(9)). Here § may be

regarded as the longitudinal energy of the photon.

(G) Numerical Analysis

Our numerical integration routine, COSEV, 1is a simple and
straightorward appllecation of the ideas discussed in this section. We
bin the nucleon and pion energies, typically into 300 bins between the
minimum produced pion energy, z&?, and a choice of upper limit, e.g.
3x1020v. We have tested the insensitivity of our results to the binning
size Dby running tests in bin numbers ranging from 100 to 1000. We bin

the photon longitudinal energies into 10 to 20 bins ranging from .1

T2.7°K to .4 T2.7°K' The slowest part of the numerical procedure is in
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the evaluation of the integral on the rhs of eq.(9) for each energy bin.
We have fcund that a cubic Simpson's rule integration routine works
fine; converting to a 1log(E) ﬁariable is somewhat less stable
numericaily. Generally the effecté of finite energy bin size become
problematic below 100 bins, and 10 photon energy bins. Above 200 bins
our precision 1is better than a few percent. The 1integration of
transport equations of this kind with power-law distributions is a
particularly benign problem numerically., Nonetheless, it is extremely
difficult to get any useful analytical results.

We keep track of total nucleon number, interacting nucleon number
and produced pion number, By separately counting the number of
interacting nucleons and the number of produced pions, which should be
equal, we essentally test the precision of the nested integrations such
as described ahove. We alsc keep track of the total energy. wWith 300
bins these quantities are controlled to 5% precision over 100

interaction lengths.

IV, Cosmological Evolution
(A) Source Summation

We define the differential particle flux at redshift, z=0, for a
source at distance Ro and "activity" 7? =77(EO)=(the integrated number

of produced particles with.E:on per second) to be:
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JA(E\ = ;?lﬁtnﬂc(E); [HE) JE = 1
E, (39)

The integrated flux is then:
‘ — —
T(@€) = -t f ¥(E)n°AE | (40)
" E

Generally we shall assume that f(E) has a cut-off E, such that
f(E >E,)=0, and we shall write f(E)=f(E_,E).

The cut-off energy in the case of photoproduction and pair creation
(relativistic photon targets) 1is determined by the photon temperature
and we have Ecoc 1/T. & source located at redshift z,, cosmic coordinate
r, observed at the present time, t,, will produce a flux (we fcllow

Weinberg(zﬁ), chapters 14 and 15):

n(z)
4n REY ¢

4(E) = - f(E(+2), EG+2) ()

where we've introduced a z-dependent activity:
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n(z) = (L+ i\mqoe(i-ﬂ; )ofi) = (1+ 2\}:0 (42)

and the evolution of the source density Jo(z) is alsc indicated.

The activity exponent, m, 13 characteristic of "bright phase
models"(27:28,29)  .n4 we will find that the fits to the cosmic ray
spectrum assuming the crosss-over energy 1s less than 1018ev will
require m2Y4. The known activity of quasi-stellar objects to redshifts
of order 2, where the activity is 100x greater than at z~0 suggests
that such an exponent 1s reasonable (see Schmidt in ref.(28)). Also,
radio source counts suggest enhanced brightness of galaxies at smaller
redsnifts(26:29)  ye also see that Tz(z} involves a parameter, Z, which
is the redshift of maximum activity. Our choice of the dependence wupon
this parameter i3 simply a guess since nothing is known about it, We
will find, however, that the induced neutrino spectrum will exhibit an
energy dependence that 13 sensitive to Z and might ultimately allow a
measurement of it. We note that Hillas(T) and Blumenthal(g) have
previously considered values of Z as great as ~~100.

The flux at the present epoch may be written as a veolume integral
in a Friedmann-Robertson-Walker metric (Weinberg(zs), eq.(15.3.3) and

below):
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1- ket

1+ ?:) 4+ R(‘t;?rlclr
Q(E\ LS L St -F((H-?\' (h%)),\j -

D@z- =) (43)

which upon using:

at dr _ ooVl 4 ;
R&) «/_ =B G (4)

becomes:

C‘l + %\m-i

ﬁ(E\ jarz cH ‘/’(1 2 f,_-F(E (1+%) E1+2)) da (45)

Eq.(45) reveals the interesting result that for Ec(1+i)25;E 5; E ,
the iInjection spectrum index, 1( is modified to an observed index of
¥ '=(m+Y¥-1/2)/2. For in injection index of ¥ =2.0 (2.5) we see that

¥ '=3.0 implies that m=4.5 (4.0). These are not unreasonable bright

phase exponents(za’zg).

It is useful to consider G—f'unction approximations to the spectrum

where: 9(x>0)=1; 9(x<0)=0; 99(x)/9x= a(x). Hence, we writea:
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#(E) = f(g.,€) = aLE-ve(EC-E) (4¢6)

"and eq.(45) becomes:

(\+z3

,1 e(E (1+%\E) dz

(47)

/a(_E\ J)??CH aLE]f(

In flat cosmologies such as are predicted in inflationary scenarios

Wwe have qo=1/2. Assuming this greatly simplifies our analysis and

eq.{47) becomes:

m-v-1

IS(E) = [ﬁ ne H;ld E'Y] (m—z'—%si‘ [(1+i) . 1] o

- E - (1+“I‘\1E)

.

2 2 &
+[(—-—) - 1]6(E(1+i)‘» E.)B(E.-E) (48)

The utility of eq.(48) resides in the fact that any function may be

written:
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f(E. €) = foa(Ec.E)'e(ﬁ-r_) JF (49)
E

Q

where:

4(E.€Y = -B/7E) f(e.©) (50)

and the observed spectrum Secomes:
o0
/&(E) = [cdnsc,e’) é‘(e’,eua’ (s1)
EO

hence '?(EC,E) is an effective Green's function for our problem,

Introducing a generalization of eq.(U46):

fE, E) = & F_—YgL(EUE\ (52)

and assuming that the only scales present in q(Ec,E) are Ec and E, that
q(Ec’E) has scaling dimension zero, 1i.e., q(},E','XE)= q(E',E), we

obtain for eq.(45) with qo=1/2:
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£ (1+3Y

i)

- - 10“"i'¥)
{EV: T pneET(g) T aEnds
E (53)

Tnis 1s our basic result for this section which we use for the
evaluation of the cosmological component of the spectrunm.

Qur heuristic argument for the pile-up in Section II indicates
theat 1indeed the evolved nucleon spectrum will possess the scaling
properties required for the validity of eq.(53). The heuristic argument

indicates that q(E',E) will have the approximate form:

QLﬁZEicx E;) QZ E)‘iEEd- Ei) + E?(ffi - (1." %;%;) Ezc) . (5“‘

.6(E,-€) Mo [ (¥-1Imy

which satisfies the scaling requirement for q(E',E). Since we begin
With a simple power law at injection and evolve q(E',E) and we conserve

baryon number, we may normalize q(E',E) by:

o0

A _1-%;

-Y
qEGEYE TdE = (4-1VE; = ot (s9)

in

Eq.(53) defines a diffuse nucleon spectrum which we may fit to the
observed differential spectrum for given values of z, m, and 13, to

determine the quantity:
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: -1
chifﬂse. = fo noCHO( Ge)

We find generally, because of the "ankle" and the associated
anisotropy, that the assumption of an exceptionally nearby or bright
source is required, e.g. the Virgo supercluster, to obtain a complete
fit. From eq.(39) with a fit including this component we obtain a

result for:

Q, = ne«l(4n R: y? 57)

local

Thus, knowing R and Q we determine nd. Knowing only Q
[+]

local local
and f?diffuse we determine:
_ 2 -1 2 -3 P{jb
0 :QJ;H/QM_—_ 4TfRofocHo = 4uR RiccH,
(5%)

From this result and assuming that the cosmological sources are
uniformly distributed throughout space with average separation interval

3 .
at present of RIC’ using j% =1/(R1c?, we deduce the ratio RIC/RO’
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(B) The Normalization Problem

We have found the problem of the overall spectrum normalization to
be sufficiently tricky that we devote the present disscussion to it, We
also define here a number of functions which we compute numerically and
which are related to the diffuse nucleon and neutrino differential and
integral fluxes tnrough normalization Ffactors which contain the
interesting source properties,

Consider a point source at a distance RO_ We have defined the

observed differential flux for the source to be:

L

{;(E\ = 2;";: (E«:Y‘%(EC,E) =Q (-—EE-—")ic_‘:(EuE\

(59

in accord with the definiticn of q(EC,E) above, We shall take the

18

reference energy EO to be 10 ~ev in practice.

We introduce the dimensionless function:

€(143Y
Ex‘ . 1 (m-v-5)
- - 1(5 x
DEY=z D(e_E) = 7 (E?;+1) (E\ g((EC,)d dx
€ %))

and the diffuse cosmological compeonent is then:
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%( £ )A;‘Ffu!-'— - ch'-ﬂD(E ) (61)
Typically the data is plotted in the form (E/EO)3j(E). We fit this
to the result:

3 ¥-3

{‘g“ ] }'(Eso\oserue& = [‘E“{' %(Eﬁ‘ E‘)Q\oca..\
+ l:.F;.]z DEYN
E

(61)

Ailqt}S'.

It is also convenient to consider the integrated flux I(E). for a

typlcal differential spectrum of the form:

Y
: - E; . - ,
48D = [E"] 0(E-E)Q (63)

[ 9

>> :
were Ec EO Wwe nave:
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-1
- E) (1- (B} Yo E
I]or.’n, (E"’) ) Q‘“"l (Yﬁl (1 Ec) ) ~ Q \OCQl(x"j-)

(64)

Similarly, the diffuse spectrum may be written:

oo
dE _
0 = —E—; D(E) ) Idifqug(E°) - Qc\iﬁuscE’D
E (65)

-}

The quantity D must be computed numerically after we fold in the
redshift effects as in eq.(47). However, for the simple e-f‘unction

spectrum of eq.(d46) we have:

1 eyt (66)
D(E) = (m-v-1) ([@+3)  *-1] B6(E,-E@+7}) +
T-3% .
[(%) ! 1] O(E(+3)-E )B(E-E)}

and, assuming EO(1+E)2>EC (or 2 > 9) we find: J
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P
-1 E,

4l E )
D? (p—i\ -E - F(‘a-i)iE'-‘- +1(2r)1(67)

where p=m/2- ¥/2-1/4 and typically ¥=2.5, m=4.0 so p=1/2. Therefore:

-1
E. _|E]
LEserved = Dy -1 e

A A/E
* e 25 | (E]6 17 - pe-1V15]+ 1] ®)

(here ¥ is the injection slope, not the observed slope).

In general we will distinguish between the cut-off In the 1local
component and the cut-off in the diffuse component. This is due to the
fact that the effects of pair-creation have little impact upon the loeal
contribution, but will significantly reduce the cut-off in the diffuse
component..

For the ié apectrum we firat note that we can directly compute the

ratio of induced Vi's to nuclecons at range RO:

L (E20)/T (E) = (¥, E)TR,) (59

by numerical integration of the spectrum evolution transport equations.
Here f(Ro) is the fractional yield of neutrinos produced at range Ro and
(oo )=1., We derive c(i},E) and f numerically and give results in Table
I. We define the y& spectrum induced from a point source of nucleons at

range Ro to be:
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- scal

,&y(g\:ﬂﬁgs} S(E_.EY = Q. +¢ SCE_, E)

(70)

where S(E. ,E) is the function of Fig.(8b) with the normalization
S(EO,EO)=1.O. This function 18 weakly dependent upon the injection index
of the nucleon spectrum, unless cne is interested in the highest energy
neutrinos, 3>1019ev. The properties of this function are derived
numerically in the next section, but we note that fig.{(9) displays the
departure from universality of the high energy end of the neutrino
spectrum for different injection indices.

The integrated 1& flux is then:

‘/’g\f._(E) dE ;Q\ou\F&T(E‘B; T(Ec\ : fS(Eﬂ B)dE

TN = E,T (1)

and the numerical result for the normalization constant, T, is found to

be T=10.67. Hence:
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1,00, /I E), = Fe(-DT = fc(x,E,)

£ = ¢, E)/x-1\T (1)

Thus the lccal differential spectrum is:

/(‘}VL(EX = | [ C(%’;., ED\/(K-—ﬂT] S(Ec,E)-?(R) (-,3)

ole

The diffuse cosmological 1& spectrum may be obtalned with the aid
of eq.(53). Note first that ¥ =0, Second, the differential 1£ apectrum

produced at redshift 1+z, observed at z=0 will take the form:

: . _n@&)
gv‘(E)%)— 4+R0)r

Yl "
- (1+3) S(E.,E@+)) e (W)

(£ ~ feo) = 1)

This is due to the fact that it is IVG(O)/IBI(EO/{1+Z)) that remains
conatant and thus the produced 1@'3 will be in a greater abundance by a
factor of (1+Z?Li' at redshift z, following the increased integrated
number of active nucleons as the threshold is reduced. But, the
reducticn in threshold gives an effective reduction in T by a factor of
1/(1+z)2 {we integrate in eq.{(71) up to an upper limit of Ec/(1+z)2;

this is the effective increase in the normalization of the function

2
S(EC,E) as Ec is reduced to Ec/(1+z) Y.



-51- FERMILAB-Pub-~83/89~THY

Again, it is wuseful to introduce a dimensionless funetion,
G(EC’E)=G(E) by:

L
E(1+3) 5
1(m-3+7)

Gy = &2 TSeond o
E

and the normalizaticn constant is defined:

€0
G" = IG(E,_,EIB éEE: (76)

E,

Therefore, the cosmologically evolved neutrino differential

3pectrum becomes:

»éfvt(E\ Stse = [COLEN-VT]Q,  GE)

(77)
where !i- B}

Remarkably we see in €q.{(75) that the bright phase parameter m and

njection’

the injection nucleon index %1 enter in the combination m+]}. This is

related directly to the observed cosmic ray spectrum slope by
Y

the observed nucleon index, and we see in eq.{(7%) that to a very good

observedg(M+!1_1/2)/2‘ Hence, the neutrinc spectrum only depends upon

approximation the 3lope of the produced diffuse neutrino spectrum will

be 1;+(1/2). We may write for the integrated diffuse TQ_ compoenent
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above the reference energy EO:

C(XiiEa‘G- T
L) = EGeQun = | Jin DT D] Nawe
(18)

The parameters defined presently are numerically evaluated in the
following section. The forms derived by G—function approximations are

generally sufficlently accurate for analytic estimates.

V. Numerical Results

In figures (4) through (6) we present the results of evolving
injection spectra with indices ]& =3,0 through 2.0 using the full
transport evolution equations while neglecting cosmological effects.
1 i1, {interaction 1length) corresponds roughly to & Mpc and 500 il.

roughly corresponds to R the Hubble length scale, Thus, the neglect

H*
in redshift effects in these figures makes them inapplicable as final
results beyond 100 Mpec or about 12 to 24 il. However, these are
suitable results for nearby sources and as inputs to the formulae of
section IV for the computation of redshift effects. All of these
results were obtained with the spherically symmetric angular
distribution assumption for photomescn production, and with Blumenthal's
results for pair creation(g).

Figure (4) contains an evolved 1/E3‘0 injection spectrum. To a

good approximation this 1is equivalent to the result for q(Ec,E) for

injection spectra with slopes as flat as 2.0. We assumes an artificial

(E,)
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0

numerical cut-off of 3x102 ev (at most a 10% normalization correction

above 1020ev). After 3 11, the appearance of the cut-off and the
pile-up are easily seen. The pile-up peak reaches a maximum at a range
of order 24 il. Here it {s about 1.6x the flat injection spectrum lying

in the range 3.0 to 5.0 x1019

ev. Beyond this range the effects of pair
creation become pronounced. We see the gradual shifting of the pile~up
toward lower energies and the remarkable new feature: the appearance of

a "dip" cnsets at .7 to 2.0 x1019

ev. The dip cccurs because here we see
the peaking of the pair-creation energy loss effect {see Blumenthal,
ref,(9) fig.(4)) while the large "pile-up" remains above this energy
scale. The result is much like that of a snake digesting a small pig,
and the pile-up slowly moves to lower energies while the spectrum is
significantly reduced at slightly lower energies., The pile-up i{s not
easily "digested™ and remains quite conspicuous ocut to even 500 il. By
14k il the pile-up drops below the normalization of the input spectrum.
In fiéure (5a) we present the evolution of the 1/E2'5 injection
spectrum. The function q(Ec,E) can be inferred by subtracting the
injection spectrum from the plotted spectrum in the log plot. In
Fig.{5b) we present the high energy end of the spectrum and show our
artificial numerical cut-off on the injection spectrum,. Unfortunately,
we hecome increasingly sensitive to this cut-off as the injection slope
i3 reduced, and we have not carried out runs with a numerical cut-off
much larger than 3x10203v. Thus, our results above 10208V should not be
taken too seriously, and for 1/E2 injection slope they are expected to

have 30% corrections.
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in fig.(6) we present the ‘I/E2'O injection slope results, and ocur

ordinate scale is changed to accomodate the results. Thus, the dip and
pile-up are less conspicuous here but do occur with approximately

1.5

universal structure after 100 11, We have not run 1/E injection

spectra, or flatter, but may infer the general behavior of such from the

?/EE'O

results. We realised after the completion of our figures that we
should probably be presenting the data in terms of the a3scale Invariant
function, q(Ec,E) defined in section IV, but one can extract this
function from the presented data In the figures.

In fig.(7) we present the evolution of the number Aof produced
secondary electron neutrinos with range for each c¢f the injection
spectra. The injection spectra are each normalized to unity at 1O1Bev
thus the asymptotic values plotted in fig.(7)} represent the quantity
c(?ﬂ ,1018ev) defined in section IV, Cbvicusly the neutrino yield
increases with the flattening of the injection spectrum and closely

follows the integrated number of nucleons above 1020

ev in the 1injection
spectrum, i.e. we 3see that the neutrino yilelds are in the ratio
1:10:100 for injection indices 3.0:2.5:2.0. We have previously run
simulations without the effects of pair-creation and found that many
more secondary neutrinos were produced and that the approach to
asymptopla 1Is much slower. The pair creation effects, by reducing the
pile—up to lower energles, accelerates this approach, and thus
simplifies our problem of including the red-shift and cosmoclogical
source sums.

In fig.(8a) we present the successive plle-up of produced pions

with an arbitrary normalization (which we do not require, but which must

be consistent with the normalizaticns of Fig.(7) Ffor the integrated
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spectra). In fig.(8b) we give the neutrino spectrum with range, or
equivalently the function S(EO,E) defined in section IV, which is
normalize@ to unity at E=0. The resulting S(EC,E) is essentially
independent of the injection slope for energies less than 1019ev.
However, there are departures from universality for various
injeetion spectra in S(EC,E) above 1019ev as 1is seen in fig.(9).
Obviously, the flatter injection spectra produce a more copious yield of
UHE neutrinos. However, if one measures the slope of S(EC,E) above

gev one finds a rapid cut-off of A:1/Eu‘0. This i3 essentially the

10!
effect of the kinematics of the produced pion as seen in fig.(1} and in
the produced pion distributions of fig.(8a), and thus the search for
19

electron neutrincs above 10 “ev produced by this mechanism would not be
too promising. Since it is difficult to imagine any other mechanism for
producing UHE neutrinos (they are uncharged and do not participate in
dynamo effects; other collislon processes are unlikely as per section
III.) the interesting range to study would appear to be 10186V up to
1019ev. |
Since a universal differential neutrino spectrum is produced after
a few tens of Interaction 1lengths by any given source with a
normalization that is simply related to the injection slope, it Dbecomes
a2 simple matter to compute the cosmological neutrino flux of unit
normalization, i.e. we present the function G(EC,E) =G(E} in fig.(10)
as defined in section IV, 1In using this result to predict an observable

neutrinoe flux, we first determine the coefficlent of the cosmological

nucleon flux component, g)diff’ and write:
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c(¥;.E.)

. _ c(x; Eo)
’kw,__ Aif§ (€)= 2 dif (¥:-1)T (E"

G(E) = IN 464 ";‘1“—0 E,
: G(E) (7)

for Injection index Xi. The quantity cof 81,1018ev) is tabulated in

Table (I) for various injection indices and T=10.67 is the normalization

of S(EC,E) divided by 10]8ev. D is the normalization of the diffuse

component spectrum, D(E) and 13 also given in Table (I}). Thus, for

example, if the observed integrated spectrum above 1018ev is

18

IN(10186V)=I (10 eV)=IO, and 1if we take an injection index ¥;=2.5,

18

diff

then we find that ¢(2.5,10 ev)=2.17x10_3, and D(2.5)=1,20,we obtain:

-1 _
gve_(E\ = IN(lOmev\ (|0‘8u) G(EY- (2.103 x:os)
(20)

As described in section IV, to a good approximation G(E) falls 1like
1783+ above the energy scale 5x1018ev/(1+2)2. Below this scale the

spectrum must flatten, and its observation can in principle reveal the
quantity %Z. The actual high energy behavior of G(E) is presented in

£ig.(10b) and we readily see that above 2x1017

ev the spectrum steepens
and drops much faster than 1/E3'5. Qur numerical evaluation is
insensitive above this scale.

The integrated neutrino spectrum is given by:
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8

. 18 i, 10a) G
10 es) = Q.

—‘-Vq_( ey (.ri- 1) T D dice

IN (10“24 (‘81)

and we thus obtain for the example above Ivb(1018ev)=1.06x10_110. The

integrated flux falls roughly as 1/E2’5. In section VI, we will be
fitting the nucleon spectrum with diffuse and local components and will
obtain in this manner the induced neutrino spectra as corollary
predicetions.

In computing the cosmologically evolved nucleon spectrum we
encounter an ambiguity. -Our asgsumption in section IV was that the
nucleon spectrum would undergo a rapid evolution due to photomeson
production and then become stable, In that case, we would insert the
stable fully evolved spectrum, q(Ec,E), into eq.(60) for the function
D(E) and obtain an unambiguous prediction for the diffuse spectrum.
However, as figs.(Y4) through (6) reveal the spectrum is far from stable
after 20 il. due to the effects of pair creation and the gradual shift
of the pile-up to lower energies. Thus the dilemma arises in the
present approximation (a more careful analysis should someday be
performed which parameterizes this subsequent evolution) which spectrum
at what range should be used as the input to eq.(60)?

A sum over distant sources either weights the nearest or the most
distant sources preferentially. In the present case of a bright phase
index m=4 to 5 we preferentially weight the most distant sources.
Therefore, we might use the 500 il. spectrum as input since the 24 il

spectrum would lead to an overestimate of the effective cut—-off energy.
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However, Dby doing this we 3somewhat underestimate the spectrum above

2x10'?

ev, This has the effect of overemphasizing the dip structure seen
in the data. We've opted instead to use the approximate geometric mean
of the two extremes, 144 i1, as our input for q(EC,E). We've found that
this does not qualitatively change the results, though the dip is least
conapicuous with the 24 il. input. A better computation would input a
"moving" q(E) with z, but then sacrifice the simplicity of eq.(60).

In fig.(11) therefore we present the result of the cosmological
convolution integral, i.e. the functicn D(E) defined in section IV for
the various injection spectra 11. Actually, we've made an additional
approximation here which is to use the 144 il. function q(Ec,E) derived
from the fi=2.0 case for each injection spectrum, In actuality the
cui—off should not be sc abrupt at 2x101gev, and it should not be
exactly the same for each injection spectrum. However, these departures
from universality should not be much more severe than those seen in the
preceding éxamples. We find in section VI. that the 1/E2'0 fit is the
best.

The normalization of the D(E) is given as the quantity D for

energies above TOTBev and clearly differs among the spectra,.
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V. A Model of the Ultra High Erergy Spectrum

Armed with the analyses of Sections IV and V we are ready to
attempt a model fit to the ultra high energy nucleon spectrum and to
make predictions for the neutrino spectrum. Unfortunately we will be
limited by the available data, but our approach is sufficiently general
that it may be updated as more data accrues,

Throughout we will fit exclusively to the Haverah Park data as

{(16a) and Brooke et, al.(st)

presented in Cunningham et,al. . This is a
matter of convenience; the Haverah Park data i{s the largest single and
thus internally consistent set and we need not worry about relative
calibration errors between different facilities, Nonetheless, we do not
do Jjustice to the existing data presently because we have not developed
a detailed understanding of the experimental errors., We have inferred
the error from a careful scrutiny of the figures in the principal
references and comparisons of reported 9(1 estimates againat our own,
We feel a more complete error analysis would be cof considerable use.
Also, it is difficult to interpret the statistical variables when the
grrors are Inecreasing monotcnically with the energy; a 'X2 measurement,
above 1018ev i3 virtually insensitive to the "ankle", while the relative
normalizat ions of energy bina in the ankle are statistically
signifiecant.

Our idea presently is not new but our methods based upon the
earlier discussions in this paper are. Thus our results are entirely
new and supercede most previous analyses involving the GZ cut-off and
induced neutrinos. We shall assume that the UHE cosmic ray spectrum is

of a cosmological origin and composed of two components: (1) A diffuse

cosmological component of strength g}diffD(E) which has been steepened
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from an injection index B} Lo an observed %;bs=3.0 bu the cosmological
red-shift effects and the bright-phase activity discussed in section IV,
This 13 the idea of Hillas(T) and implemented with pair production by

(9)

Blumenthal (2) A semi-local component which we write as g?

Virgox
q(E)/E*L, which we identify with the Virgo cluster as containing a
source or sources at a range 3 il. wrt. photomeson production, This
idea has been explored previously by Wolfendale and collaboraters in
ref.(8). One might go further to postulate a local component primarily
composed of {Fe) originating within our galaxy and subject to the
effects of 1local 3steering, Our assumption presently will be that the

7018ev and that

cross-over energy occurs at a scale small relative to
only the cosmological and semi-local components appear at this energy.
This is, of course, related toc the redshift of maximum activity and for
E ross-over <10'%ev we require 2% 10.

Why should we superimpose the diffuse component and the semilocal
compenent? We find in our fits that the normalization of the diffuse
component will imply an average source separation of order 100 Mpe.
This 1is, remarkably, the scale of supercluster heirarchies. O0f course,
the Virgo cluster is only 20 Mpc in range and should be A~ 25 times
brighter than the first diffuse components. The diffuse component will

cut-off at a scale of order Mx1019

ev aince it will be dominated by the
effects of the most distant sources (there will be a correction of order
20% to this by our neglect of the nearest sources in the source sum
integral, 1i.e. the nearer diffuse components don't cut-off until about
6x1019ev), while the semi-1loc¢al component will be enhanced at 8x1019ev
by the pile-up and the flatter injection index. Both the diffuse and

semi-local components will produce neutrinos, and an anisotropy will
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occur in the highest energies associated with the direction of Virgo.

It is conceiveable that the cross-over is just occuring at a scale
of ~1019ev in which case a three component model is required. Here we
assyme thét the Virgo cluster is responsible for the anisotropy and is
emerging as the ankle structure in the spectrum as well, But, we may
then turn the argument around and assume a supercluster interspacing of
order 100 Mpe for clusters of similar activity te Virgo to obtain an
estimate of g?diff' and then to obtain a prediction for the neutrino
spectrum, even though the diffuse contribution to the nucleon spectrum
is masked by a local component. The result of this exercise will be
similar to the results obtained here,

In fig.(12) we present the Haverah Park data, excluding the most

recent events reported at the 18th ICRC(16). To this data we fit the

composite spectrum:

J(}N(E\ = QD (E) + QV"B’ gﬂm‘ ) (v

where D(E) 1s the evolved diffuse spectrum function of fig.(11) and
ch(E) is the 3 il. evolved injection spectrum normalized to unity in
fig.{(4) through fig.(6). For tests with spectra flatter than 2.0 we
assume the q(Ec,E) obtained for the Y;_=2.0 case.

In fig.(12) we alzso show the results of our three best Pits to this
data. These correspond to 12 =2.2, ¥, =2.0 and ¥[=1.8 respectively
yielding x2= 2.94, 2.14 and 2.67. The best Fit with 7i=3'0 has

X2=2.95 and results in Q =0.0. The XZ reported here is for all

diff
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18

bins above 10 “ev, while for those bins above 5x1018ev we obtain )(2=

(2.72,1.90,1.69) respectively. In Table(IIl) we present the results for
the parameters of these fits,

In addition to the ankle, a striking result here is the appearance

19

of the "dip" structure at the scale ~ 10 “ev, This structure is visually

present and appears to be statistically significant. One can find the

8¢v which has a x2 of 3.54,

and corresonds to an ordinate of 1.06 in fig.{12). Above 5x1018ev the

best straight line fit to the data above 101

same straight 1line Ffit has a xz of 3.07, while the bhest line now has
)(2=2.38 and an ordinate value of .,95. With the existing statistics,
these measures are not very meaningful and we await the accrual of more
data.

The dip must always arise in our model because of the
"mini-crossover™ from the diffuse component to the semi-local one at

about 1019

ev, However, as we mentioned in section IV., the ambiguity in
the cholce of an input q(Ec,E) in the evaluation of D(E) slightly
exaggerates the dip. We belleve that the dip may ultimately be a
reliable feature in the spectrum compelling this kind of a model. We

note that in the spectrum figure of Cunningham et. al.(16a)

the dip 1is
visually present in all other data sets of other groups, and we
encourage experimentalists teo give it an unbiased study. We warn the
reader that the dip (or even the ankle) may be a phenomenon assoclated

with a rapid phase change In the anisotropy and the detector response to

such, Thus, further experimental azanalysis of the hypothetical dip

structure is needed.
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We see that ouwr fits give an ankle structure in gqualitative
agreement with the reported data, though atatistically this result is
not yet very meaningful.

We obtain directly from our fits the ratio:

o= st/ Qe = aRopcH @)

where RVirgo ia the range of Virgo, 20 Mpec, and the Hubble length is
-1

-1 v _ — 3
cHO =ho (3x10* )Mpe, and _f% is the supercluster density = 1/R Ic

where RIC is the interclusateral spacing. We find therefore:

R = J‘-/S c:)’&c(l.47 X 101 Mec) (34)

1c @

The natural expectation the RIC” 100Mpec emerges from our fits. Also, we

have from the integrated normalizations of Jgﬁ(E) and the D(E) the
LY

result for the integrated flux above 1018ev:
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-1
IN (|()|8¢'q)/|0‘g€v = (X':*:L)Q'Virbo + rbb—b_ Q&;“ (35)

-1
= Q\,ky((\g-i) + D)
where D is given in Table(I). These parameters are given in Table(II).

From these results we obtain c¢rude anisotropy estimates. In

fig.{13) we plot:

QVirﬁa 3,\’.'(E\

(36)
QJ\Q DCEY + Qv.'rf)u jr‘(E)

for our three best fits. This assumes that pure Virgo cluster yields an
anisotropy of 100% and pure diffuse yields 0% (a residual galactic
contribution might show up here at low energies). We plot also the
anisotropy data of ref.(16). Remarkably, our best spectrum fit appears
to be in best agreement with the anisotropy as well, though we have not
carried out a statistical comparisc¢n, It is interesting that the th
minimum is closest to the reported anisotropy.

From the values of the parameters derived by the best fit to the
spectrum, we can obtain predictions for the resulting electron neutrino

spectrum and anisotropy. We have:
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/AW_(E) = QVirao & S(E) + Qdiﬂ- £ G(E) (%5)

and the anisotropy:

Quic, .- SCE)
a. = Vi (2¢)

QA-‘,“‘_'G'(E) + Q V;(‘b; S(E')

These are plotted in fig.(14}.

The integrated flux of neutrinos above 1018ev is then:

[ cG:\E) + wGe] (37)

_LVL(ldli\l\ = (IO u) Q

where the parameters are given in Table(I).

The best fit to the spectrum with '31=3.0 excludes the diffuse
component altogether. Nonetheless, for injection spectra nearly this
steep Wwe can argue that a diffuse component must exist with a density
corresponding to ~ 100Mpe interspacing of sources. This implies a lower
limit on cur neurtrino flux above 1018ev of 1.0/km yr sr. This 1is

pessimistically low. We obtained this result previously in ref.(22),

though we overestimated the detectability therein.
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Cur best two-component spectrum fit predicts
Ivz(1°18)"652ln(1°18) ~ 1.65x107'8  en 257 'sr™! and this may be assumed
to fall like 1/E2+2 up to 10" %6v. Hence,
I1,,g(1019¢:'n.r)-5.22:nc10_18<:r|1-23_1E.r‘—1 , A& result within two orders of

magnitude of the Fly's eye current upper limit for events above 1019ev

of 3.9x10 '%m 23 1sr™!, 0f course, better would be a comparable limit

18

for events above 10 “ev where our spectrum is more active by 300x. Such

a limit may be posaible with an improved analysis of the LPM effect in

(30)

earth and a recalculation of the total neutrino cross-section The

extremely exciting possibility of observing the Ivé(1019) result

conaiatent with a 1/E2'0

injection apectrum is c¢lear. It would
constitute very strong evidence for the picture described here. Also,
the eventual mapping of the spectrum down to lower energies where it

186V/(1+E)2. would

should eventually roll over to a flat form at ~ 5x10
constitute a measurement of Z. Though we have not presently discussed
it, departures of the neutrino slope from 3.5 in the present model
contain information about the ubiquitous deceleration parameter, qg- In
a future paper we will explore the coamological possibilities
further(31).

Thus we see that a cosmological window may be opening here, We
have assumed qo=1/2 throughout, but a more general analysis is possible.
We assume Z large in our discussion. The quantities ho and m are also
observables. With several orders of magnitude improvement in the data
of this kind, such a model, if it survives, c¢an iIn principle address the

measurements of these quantities, No other astronomy would seem to

focus upon exclusively the window z —% 10 to 100.
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‘VI. Results and Conclusions

We have provided a detailed analysis of the spectral evolution upon
passage through the 2.70 microﬁave background and the effects of the
cosmologi&al Hubble expansion on the épectrum and corollary phenomena,
Let us summarize our principal conclusions.

{i) There is probably a cross-over energy 1015ev<:Ec< 1017 to 19ev
at which the local galactic component of the spectrum, with relatively
large {(Fe) abundance, is exceeded by a cosmolegical diffuse component
consisting mostly of nuclecns,

(1i) The dominant effects in the long-range propagation and
production of cosmic ray nucleons are {(a) photomeson production (b) e+e"
pair production and (e¢) redshifting of energy and bright phase
production.

(1ii}) These effects should be treated In a transport formalism.
Otherwise, important consequences such as the pile-up and dip will
generally not appear. An injection spectrum with index ¥, will be
ateepened by the cumulative cosmological effects to an observed index of
1&/2 + m/2 -1/4 for bright phase parameter m. A pile-up of nucleons at

19

about U to Tx10 “ev will cccur followed by the conventional GZ cut-off.

The pile-up shifts to lower energies due to the effects of pailr

9ev due to combined

production after 24 il. A large dip appears at 101
effects of pile-up and pair production.

(iv) The Haverah Park data has a statistically significant dip
structure as well as the "ankle". These are fit well by two component
models consisting of diffuse and semi-local parts, the latter when
identified with the Virgo cluster gives excellent agreement with the

2.0

reported anisotropy. We find that the 1/E injection spectrum gives
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the best statistical fit to the data. The result RICAJ1OOMpc emerges
from our fit to the data,

(v) A potentially detectable electron neutrino spectrum is
predicted with a high energy anisotropy slightly less well pronounced
than the UHE nucleon anisctropy. Limits on the integrated neutrino flux

10'8

above ev may soon rule out injection indices smaller than 1.5. The

neutrino spectrum has a universal slope of 3.5 up to 2x1019ev, and a
flattening below 5x1018ev/(1+5)2, and thus contains interesting
information about the pre—-Quasar epoch, 1i.e. the '"bright phase
maximum".

{vi) Most of our results are sufficiently general that they
transcend the conclusions based upon the model fit. These methods will
remain applicable to analyses of the spectrum as better and more data
acgrue,

The establishment of the UHE cosmic rays as a window on the early
universe would be a great achievement, and should provide a strong
impetus for further study with large facilities. . Also, the possible
discovery of certain exotica of a fundamental particle nature remains a
possibility, though plays no role in our present analysia (see, eg.
ref.(32) for a possible scurce of a diffuse injection spectrum of index
1.5, but with a much different corollary neutrinoc spectrum than
described here; only such objectis would seem to furnish sufficiently UHE
neutrinos to implement Weiler's interesting idea of seeing the EOK

(33)

background neutrinos however, our main conclusion presently is that

few neutrinos are expected above 1019e

v which makes the prospect of
detecting the neutrino background by this mechanism rather dim). UHE

cosmic ray physics is currently underfunded and is nowhere near the
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point of diminishing returns; the payback of further investment here

stands to be quite significant.
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FIGURE CAPTIONS

Fig.(1) Nucleon and pion kinematic regions for y=1 in terms of scaling
variables as obtained in eq.(22) and eq.{(23) of text. For callbration,

if T=2.7°K, then z=.1 corresponds to 3.35x10°%ev and the threshold,

x=,081 corresponds to 2.7x1020ev. However, <y»=3.2, and the mean

threshold is 8.47x1019ev. which roughly corresponds te the cut-off

obtained by numerical integration.

Fig.{2) Total photoproduction croas-sections in microbarns V3.

laboratory photon energy, and x

for y =3.2. (A) o (¥p>all) (B)

N total
S(¥n>»wp) (C) d (¥p->7n) (D) S(¥p->pwn) (E) upper limit to

all final states with 2 3 pions on proton target. dtotal('(n) is
inferred from & (¥'D} (not shown) and I3 to a good approximation

identical to o

total(}rp)'

Fig.{(3) Ceefficients a5, 4y, 3, in expansion of det /dSL for ¥p-»IrD

(25)

{eq.(26)) in ,Ab/SteP vs., E taken from Gengel and Pfeil . Also

lab
shown (dotted) are our fits for the spherically symmetric approximation

and the test cases keeping both a0 and a2.
Fig.(4) Evolved 1/E3'0 injection spectrum to 500 interaction lengths. 1
il.,= ©6Mpe; Log to base e in ordinate. Injection spectrum is normalized
to unity at 1018ev. This may be taken as a good approximation to q(Ec,E)
for 1&-: 2.0

Fig.(5a) Evolved 1/8°7 injection spectrum normalized to unity at
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1018€V. 1 il.= 6Mpc; Log tc base e in ordinate. The dip structure and

the downward evolution of the pile-up with increasing range are clearly
seern.

2!5

Fig.(5b) High energy behavior of 1/E injection spectrum, Note that

injection spectrum iz cut-off at 3x1020ev.
Fig.(6) Evolved 1/E2'O injection spectrum normalized to unity at 1018ev.

1 il.= 6Mpe; Log to hase e in ordinate.

Fig.(7) Neutrino yield with range for (A) 1/E>*° (B) 1/E2°2 (¢) 1/E3-0
. . ; 18

injection spectra. This is the function 2{?(3},E0)=Ive(o)/lw(10 )} The
numbers refer to the asymptotic yields wused in normalizing the
cosmological neutrinc spectrum. The approach to asymptopia is slower
without the pair-production effeects and higher neutrine yields would

ogcur.,

Fig.(8a) The evolution of the differential pion distribution from which
we derive the differential neutrino {and photon) distributions. We
establish the normalizations of these latter distributions separately,

and the pion distributions here have arbitrary normalization.

Fig.(8b) Evolution of the neutrino differential spectrum with range
normalized ¢to unity at E-» 0. This is the function S(EC,E) defined in
Section IV used in computing the cosmological flux. This plot is for
the case of a 1/E2'5 injection spectrum, but the result is universal

below 10 Jev.
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Fig.(9) Departure from universality in S(EC,E) at high energy is seen
here for different input spectra. Since fluxes are so 1low at these

energies, we neglect these effects,

Fig.{(10a) The cosmoliogical neutrino spectrum with "unit normalization",
i.e. this is the function G(EC,E) defined in Section IV, evaluated for
different maximum brightness redshifts, z. The curves become universal
at high energies. 1In principle, the observation of the roll-over would
constitute a measurement of Z. qo=1/2 is assumed. The high energy

slope is Y

observed+(1/2)s independent of m and 1{i

njection”
Fig.(10b) High energy behavior of G(EC,E) and S(EO,E) for comparison.
We assume a universal S(EG,E) for the evaluation (we use 1ﬁ=2.5 as in

Fig.(9)).

Fig.(11) The diffuse nucleon spectrum of normalization D as defined in
section IV. The true cut-off i3 less well defined than the cut-off here

of order 4x1019

ev based upon a 144 il. input for q(E,E) for ¥, =2.0.

Fig.(12) The Haverah Park data (not including the most recently reported
events of the 18th ICRC, and dropping the 1least statistically
significant bins at 1.3x1020ev and 2x1020ev corresponding to
log()=.13% .5 and log()=.47 % .6 respectively). Also shown are our three

best fits. The dip is seen and ocur fit accomodates the ankle structure

{with the exception of these highest bins).

Fig.(13) The nucleon anisotropies of our three best fits are compared to
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the (large error} data of Haveran Park. The best fit is ‘{1=2.0 and
seems to agree the best, though the errors are presently too large for

this to be meaningful.

Fig.(14) The predicted and fully normalized electron neutrino spectrum
for our diffuse+semi-local model fit to the apectrum corresponding to
injection index of 2.0. Note the occurance of a neutrino anisotropy

above7x101aev, which is a much smaller effect than the nucleon

anisotropy which begins at AJTOTB

ev due to the relatively large diffuse
contribution here, The slope is 3.5 with q0=1/2, and would differ

slightly for other values. This spectrum is differential.

TABLE CAPTIONS

Table (I): The "kinematic" quantities pertaining to a given injection
slope 1(1. We give (i) D, the normalization of D{(E) above 1018ev

18ev). the neutrino yield at infinite

computed numerically (1i) c(ﬁf1.10
range (iil} £ (1(1), the "differential neutrino yield" defined in
eq.{71) (iv) f, the fraction of neutrinos produced by 3 11. to those
produced at infinity (v) the requisite bright phase index to fit the

observed 1(0b3=3.0 for q =1/2 for given 1(&.

Table (II) The results of two-component model fits to the HP spectrum
data: ngdﬁFis the coefficlent of the diffuse component of the

differential spectrum in units of IN(10183v)/(1018ev) = J. (ii) g2| }s
-1 %
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the semi-local coefficient in units of J. (J so defined 1is, using HP
data, 2.531.08:{1O~3u/(cm2-s—sr')) (iii) @ = QD/Q v (iv) Ric 1s the
effectivg diffuse source separation in (Mpc)xH:tz as obtained from the
£it (v) )(é_is for the given fit including data above E; (vi) IVh(E) is

the integrated neutrino yield above E for the fit.
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TABLE

(1)

s
¥, D c(x;, /0 ev) e@) FBiY) m
3.0 { 1.00 | 2.u8x10° % | 1.16x1072 | -370 } 3.5
2.5 | 1.20 | 2.17x1073 | 1.36x107% | -399 | 4.0
-3 -y
2.2 | 2.20 { 7.85x10 6.13x10 20 | 4.3
_2 ..3
2.0 3.42 1.85%10 .T3x10 L4311 4.5
-2 -3
1.8 5.45 3.86x10 .52x10 . 468 .7
1.5 f11.86 | 1.17x1077 | 2.19x1072 | 531 | 5.0




TABLE (II)
1 2 8 9
Y. 0,
L diffuse local it RIC xoafv)%swo?a Iv,(lo u) I%UO e
2.5 | .70 .24 2.9 73x102 | 10.62 | 10.44 | .125 {3.9x107 "
-2 2 -3
2.2 LAU3 T.15x10 5.98 36x10 2.94 2.72 | .344 }1.09x10
-2 2 -3
2.0 .29 2.0ux1072 [ 14,04 [ 1.02x10% | 2.151 1.90] .652| 2.06x10
-2 2 -3
1.8 .18 1.22x1072 [ 14,9 oox102 | 2.68 ] 1.71| 1.07 | 3.38x10
-2 -3 2 -3
1.5] 8.69x1072] 4.0ux1073 {21.5 88x10° | 8.4u| 7.35] 2.50 | 7.91x10
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